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Abstract
Nuclear magnetic resonance rheology (Rheo-NMR) is a valuable tool for study-
ing the transport of suspended non-colloidal particles, important in many com-
mercial processes. The Rheo-NMR imaging technique directly and quantita-
tively measures fluid displacement as a function of radial position. However,
the high field magnets typically used in these experiments are unsuitable for
the industrial environment and significantly hinder the measurement of shear
stress. We introduce a low field Rheo-NMR instrument (1H resonance frequency
of 10.7MHz), which is portable and suitable as a process monitoring tool. This
system is applied to the measurement of steady-state velocity profiles of a New-
tonian carrier fluid suspending neutrally-buoyant non-colloidal particles at a
range of concentrations. The large particle size (diameter > 200µm) in the sys-
tem studied requires a wide-gap Couette geometry and the local rheology was
expected to be controlled by shear-induced particle migration. The low-field
results are validated against high field Rheo-NMR measurements of consistent
samples at matched shear rates. Additionally, it is demonstrated that exist-
ing models for particle migration fail to adequately describe the solid volume
fractions measured in these systems, highlighting the need for improvement.
The low field implementation of Rheo-NMR is complementary to shear stress
rheology, such that the two techniques could be combined in a single instrument.
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1. Introduction
Transport of suspended non-colloidal solid particles is an important process
in many industries, including oil and gas production [1] where the controlled
placement of a cement slurry [2] and conveyance of solids by drilling fluids [3]
are critical for safe and successful operations. Determining the hydrodynamic
properties of non-colloidal large particle (diameter > 200µm) suspensions is a
challenge. These complex fluids are not amenable to measurement in narrow-gap
rheometric devices due to particle jamming, and violate the narrow-gap approx-
imation [4] in wide-gap geometries such as the cylindrical Taylor-Couette cell
[5], where additionally the local rheology may be a function of radius. Nuclear
magnetic resonance rheology (Rheo-NMR) measures the spatial variation in ve-
locity and concentration of a sample under shear [6, 7] and gives direct access
to local shear rate γ˙ in the wide-gap Couette geometry through the relation
γ˙(r) = r
∂
∂r
(v
r
)
, (1)
where v is the tangential velocity at radius r [8]. In the case of liquids con-
taining suspended non-colloidal particles, the sample evolves over time due to
shear-induced radial migration of particles, plus centrifugal radial migration
and gravity-driven vertical migration depending on the density mismatch be-
tween the solid and liquid components [9–13]. The ability of Rheo-NMR to
probe inhomogeneous and opaque liquid systems makes it ideal as a tool for
routine process monitoring and quality control in the industrial environment. A
commercial Rheo-NMR device is available, designed to fit in the vertical bore
of a high field superconducting magnet [14]. However, the installation of high
field magnets in a factory or remote location is impractical due to the limita-
tions of cost, safety (strong magnetic fields), and maintenance (requirement for
cryogens). Low field permanent magnets, or recently commercialized cryogen-
free superconducting magnets, offer lower cost, safer alternatives. Permanent
magnet systems also offer the advantage of portability [15]. Low field magnets
have been used previously to provide relaxation time measurements of liquid
samples in conjunction with shear rheology measurements [16–18]. The usual
Rheo-NMR experiment lacks a direct measure of shear stress although custom
systems have been proposed that combine NMR and torque sensors [19, 20],
albeit still based on superconducting magnets with limited industrial applica-
tion. Rheo-NMR has been applied to the study of many complex samples,
including shear-banding materials [21–23], polymer solutions [24, 25], worm-like
micelles [26, 27], liquid crystalline materials [19, 28–31], and colloidal particle
suspensions [32, 33]. Shear-induced migration of non-colloidal particles has been
studied by NMR imaging in Couette [34–36] and pipe flow [37, 38].
The migration of particles in neutrally-buoyant suspensions in non-uniform
shear flows has been described with a variety of models. Diffusive-type models
describe the migration process directly as a diffusive process, with particle fluxes
directed by gradients in shear rate and particle concentration [39, 40]. Models
of the suspension-balance type describe migration as resulting from gradients
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in normal stress of the suspension [41, 42]. In recent years, researchers have
been successful in modeling the behavior of dense suspensions using frictional
rheology models [43] similar to those previously used for dry granular flow [44].
These can be shown to be equivalent in some cases to suspension balance models
[45], but have been generalized successfully to describe additional physics such
as suspensions in yield-stress fluids [46] and compaction beyond the jamming
limit [38, 45].
In this paper we use a low field permanent magnet imaging system to
measure velocity and concentration profiles in a wide-gap Couette cell. The
hardware and experimental procedures are described in Section 2. Measure-
ments of large non-colloidal particle suspensions in a Newtonian carrier fluid
are demonstrated, and the results compared to high field Rheo-NMR acqui-
sitions at matched shear rates in Section 3. For illustration we compare our
experimental data to the model of Morris and Boulay [42]. An assumption of
this model, as with the other models described above, is that the suspension
is locally Newtonian. However, disregarding issues of particle migration, many
suspensions exhibit non-Newtonian behavior even at moderate volume fractions
and where inertial and Brownian effects are negligible [47]. We observe such
effects in our system and subsequently a departure from the predictions of the
suspension-balance model.
2. Experimental
2.1. Low field Rheo-NMR
The low field NMR system comprised a B0 = 0.25T permanent magnet
(Laplacian, UK) of SmCo planar disc poles enclosed in a rectangular iron yoke
of dimensions 52× 55× 48 cm and approximate mass 150 kg. The field strength
corresponded to a resonance frequency of 10.7MHz for 1H. Thermal stability of
the magnet was maintained at 28◦C by active heating and cooling. The vertical
bore rf resonator had an inner diameter of 53mm and active damping feedback
pre-amplifier (MRF Innovations, UK) for improved response time and signal-to-
noise ratio (SNR). The rf power was supplied by a 500W CW amplifier (Tomco,
Australia). Magnet homogeneity was improved by manual adjustment of an
8 channel shim current supply unit (Resonance Reasearch Inc., USA; model
MXD-8). Planar gradient coils driven by high-performance audio amplifiers
(AE Techron, USA; model 7224) provided a maximum gradient strength of
gmax = 0.125Tm
−1 (x and y axes) and gmax = 0.14Tm
−1 (z axis). The water
cooled gradient plates maintained the sample temperature at 25◦C. The NMR
Experiments were controlled by a DRX-TCP spectrometer (Oxford Instruments,
UK) with custom pulse sequences and digital filters [48] optimized for imaging.
Spatially resolved concentration and velocity profiles were obtained using a
standard spin-echo imaging sequence [49]. Gaussian rf pulses of duration tp =
1024µs were used to provide a vertical slice of 30mm full-width half-maximum
(FWHM) and a horizontal slice of 5mm FWHM; the rf power was adjusted to
provide pi/2 and pi pulses as required. For the velocity encoding, three gradient
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increments were used (−gv, 0, +gv) to provide a robust calculation of phase
shift. The gradient amplitude was scaled according to the Couette rotation rate
to provide the same maximum phase shift in all experiments. The velocity-
encoding gradient pulses, placed symmetrically about the refocusing rf pulse,
had duration δ = 1.5ms and the observation time was ∆ = 11.0ms. The
frequency-encoded read gradient provided a field of view FOV = 59mm over
256 pixels, such that the spatial resolution was ∆x = 229µm with 56 pixels
across the Couette gap. The measured profiles extended over the full diameter
of the Couette cell, providing antisymmetric velocity components on either side
of the rotating center body. The magnitudes of the y velocities were averaged
at the absolute |x| coordinates (taking x = 0 to be the center of the Couette
geometry), to provide ¯|vy| as a function of radius. A recycle time of 500ms
was used between scans, and 256 repeat scans were summed to improve the
SNR, resulting in an acquisition time of approximately 2 minutes per gradient
increment.
A custom Rheo-NMR Couette device was constructed for the low field mag-
net. The outer cylindrical body (stator) was gun-drilled from a rod of polyamide-
imide (Torlon; Solvay, Belgium) to provide a high-precision machined part. The
inner cylindrical body (rotor, or “bob”) was machined from polyether ether ke-
tone (PEEK). The Couette geometry had an outer radius of ro = 20.3mm and
an inner radius of ri = 7.5mm, such that the gap was ro − ri = 12.8mm with
a gap ratio of (ro − ri)/ro = 0.63. The total bob length was 252mm. Rotation
of the bob was achieved using a 12V d.c. motor with the speed determined by
manual adjustment of the voltage supply; an optical encoder in the motor was
used to confirm the rotation rate. Rotation rates ranged from Ω = 3 to 40 rpm;
the rotation rate was limited to a maximum of Ω = 15 rpm when measuring
Newtonian liquids due to the formation of Taylor vortexes at higher shear rates.
2.2. High field Rheo-NMR
AB0 = 7T vertical bore superconducting magnet, corresponding to 300MHz
for 1H, was used for the high field Rheo-NMR studies. The imaging experiments
were controlled by a Bruker DMX300 spectrometer. A bird-cage rf coil of inner
diameter 25mm was employed. Imaging gradients up to gmax = 0.987Tm
−1
were available on all three axes. The sample temperature was maintained at
20◦C. A motion-compensated imaging sequence was used with Gaussian rf
pulses of duration tp = 512µs, providing a vertical slice of 4mm FWHM and
a horizontal slice of 1mm FWHM. A reliable phase shift measurement was
achieved with just two gradient increments (0 and +gv) due to the SNR and
stability of the high-field instrument. The velocity-encoding gradient pulses had
duration δ = 1.5ms and the observation time was ∆ = 11.8ms. The frequency-
encoded read gradient provided a FOV = 28mm over 256 pixels, such that the
spatial resolution was ∆x = 113µm, with 53 pixels across the Couette gap.
As with the low field data, ¯|vy| was obtained as a function of radius from the
antisymmetric velocity components on either side of the rotating center body.
A recycle delay of 6 s was used and 4 repeat scans were summed, with an ac-
quisition time of less than 1 minute per profile.
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A commercial Rheo-NMR device was used (Magritek, New Zealand and
Bruker BioSpin, Germany), designed to fit the vertical bore of the high field
magnet. Full details of this device are given in [8]. The radius of the stator
ro = 9.5mm and the radius of the rotor (bob) was ri = 3.5mm, providing
a Couette gap of ro − ri = 6.0mm and a gap ratio of (ro − ri)/ro = 0.63
(consistent with the custom low field Couette geometry). Rotation rates ranged
from Ω = 10 to 40 rpm. Inclusion of a Newtonian marker liquid (water) inside
the bob allowed wall slip to be characterized in the high field experiments.
2.3. Couette geometry correction
The gap ratio of the two Couette geometries was matched to provide con-
sistent shear rates between the low and high field experiments. In the ideal
Rheo-NMR experiment, a thin slice would be selected in the vertical plane so as
to be insensitive to the curvature of the inner and outer walls of the Couette cell.
Practically, this selected slice must be of finite width and due to the inherently
poor SNR available on the low field system it was necessary to select a thick
horizontal slice, as detailed in Section 2.1. The relative width of the selected
slice compared to the bob diameter is illustrated in Fig. 1(a,b) for the low and
high field Couette geometries, respectively. Theoretical y-component velocity
maps are overlaid on the Couette cell schematics where
vy(x, y)
Ωri
=
xri
r2o − r
2
i
(
r2o
x2 + y2
− 1
)
, (2)
generalized for a Newtonian liquid. The ideal velocity profiles vy(x, 0)/(Ωri)
are the solid lines in Fig. 1(c,d) and are independent of Couette geometry due
to the matched ri/ro ratios. The velocity profiles we expect to measure will
differ from these ideal lines due to averaging over the Gaussian-weighted slices.
The expected velocity profiles are simulated here by averaging vy(x, y) over the
selected (slice) region; these simulated velocity profiles are given by the dotted
lines in Fig. 1(c,d). Comparing the ideal and simulated velocity profiles we
see that a significant underestimate of the velocity near the inner wall will be
observed in the low field Couette geometry. An equivalent effect occurs at the
outer wall but is considered unimportant due to the low velocity in this region.
For the high field Couette geometry, a very small difference is observed between
the ideal and simulated velocity profiles. A correction based on the simulations,
plus an additional term to account for curvature of the streamlines [51], was
applied to all measured velocity profiles.
2.4. Materials
A Newtonian mixture of water and 2-propanol was prepared in the ratio
2.65 : 1 by weight to provide a density of ρl = 0.96 g cm
−3. The water was
doped with approximately 1.5 g dm−3 NiCl2 to provide a typical longitudinal re-
laxation time of 300ms, permitting a short recycle delay between repeat scans.
The nickel salt was chosen for its lower toxicity compared to other standard dop-
ing agents. The carrier fluid density was matched to the density of polyethylene
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Figure 1: Comparison of Couette geometries in the low and high field magnets. Normalized
y-component velocity maps are shown for the (a) low field and (b) high field Rheo-NMR
geometries; half of the cell is shown in each case where the tangential velocity component is
positive (see gray scale). The velocity maps are calculated using eq. (2), valid for a Newtonian
liquid. The inner and outer radii of the Couette cells are denoted by the solid black lines.
The dashed black lines indicate the FWHM of the y-axis Gaussian slice selection. Simulated
tangential velocity profiles, calculated by taking a weighted average of velocities over the
Gaussian slices, are given by the dotted lines in (c,d) for the low and high field geometries,
respectively. Ideal tangential velocity profiles are given by the solid lines in (c,d).
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microspheres (Cospheric LLC, USA). These particles were selected for being
highly spherical with a narrow diameter distribution in the range 212 to 250µm
and were sufficiently large that Brownian motion was neglected. Additionally,
we estimated a maximum Reynolds number in our experiments at 40 rpm of
Re ≈ 0.1, indicating that inertial effects were small (but not necessarily negli-
gible). Particles were added to the liquid to provide solids volume fractions of
φ = 0.2, 0.35, and 0.5 by volume. Precise density matching was achieved by
careful adjustment of the water-2-propanol ratio in the carrier fluid at the ex-
perimental temperature. During the experiments the Couette cells were sealed
to limit evaporation of 2-propanol. Under shear, the particle suspensions were
allowed up to 30min to reach equilibrium before measurements commenced.
3. Results and Discussion
3.1. Low field validation
Measured velocity profiles obtained for a Newtonian mixture of water and
2-propanol are shown in Fig. 2(a). The rotation rate of the bob was restricted
in the low field instrument due to the formation of Taylor vortexes above ap-
proximately Ω = 15 rpm. All the velocity profiles, whether acquired on the low
or high field instrument, showed a consistent decrease from the rotating inner
wall to zero velocity at the stationary outer wall, as expected. It should be
noted that higher tangential velocities are apparent in the low-field instrument
due to the larger bob radius. When the tangential velocity component is nor-
malized by the rotation speed of the bob, see Fig. 2(b), all the data collapse
to a single smooth line (within experimental uncertainty). These normalized
velocity profiles agree with the theoretical prediction of velocity from eq. (2)
and demonstrate consistency between the low and high field instruments for a
simple Newtonian liquid.
Measured velocity profiles for the polyethylene particles in density-matched
liquid are shown in Fig. 3. The bob rotation rates varied between Ω = 10 and
40 rpm, as indicated by the figure legend. The difference in absolute velocity
notwithstanding, the low and high field velocity profiles again collapse to single
smooth curves once normalized by the inner wall velocity, see Fig. 3(d-f). The
shape of the velocity profile is independent of rotation rate at steady-state but
depends on solids volume fraction (SVF). At φ = 0.2, the y-velocity component
decreases with increasing radius, to zero at the stationary outer wall, and is
similar to the behavior of a Newtonian liquid. At φ = 0.35 the velocity profile
is still non-zero but with a higher curvature. At φ = 0.5 the velocity decreases
to zero at a critical radius rc/ro ≈ 0.65 < 1, Fig. 3(f). We interpret this region
of near-constant φ(|x| > rc) ≈ 0.52 as jamming where the SVF matches or
exceeds its maximum packing fraction, i.e., φ ≥ φm, as was found in [10]. This
is consistent with the fact that the location of the critical radius does not depend
on the rotational speed.
Overall, we consider the consistency of the velocity and particle concentra-
tion profiles acquired at low and high field to be indicative of their accuracy, and
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Figure 2: Radial velocity profiles for a Newtonian mixture of water and 2-propanol as (a)
absolute velocity and (b) normalized velocity. The filled symbols were obtained at low field,
the open symbols at high field. The legend indicates the rotation rate of the inner wall at ri
(position shown by the solid vertical lines) and applies to both plots. In (b) the theoretical
normalized velocity profile from eq. 2 is shown by the solid black curve.
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this work demonstrates the feasibility of using low field magnets as quantitative
Rheo-NMR instruments.
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Figure 3: Steady-state radial velocity profiles for a neutrally-buoyant suspension of polyethy-
lene microspheres in a Newtonian carrier liquid as (a-c) absolute velocity and (d-f) normalized
velocity. The solid volume fractions were (a,d) φ = 0.2, (b,e) 0.35, and (c,f) 0.5. The filled
symbols were obtained at low field, the open symbols at high field. The legend indicates the
rotation rate of the inner wall at ri (position shown by the solid vertical lines) and applies to
all plots.
3.2. Model comparison
In Fig. 4 we compare the experimental velocity and concentration profiles to
the model of Morris and Boulay [42] for steady-state Couette flow. The model
describes the radial SVF profile φ(r), arising from a radial momentum balance,
implicitly as
ηn(φ)
ηs(φ)
= A2r
(1+λ2)/λ2 , (3)
with the relative normal and shear viscosities (made dimensionless with the
solvent viscosity) given by
ηn(φ) = Kn
(φ/φm)
2
(1− φ/φm)2
(4)
ηs(φ) = 1 + 2.5φm
(φ/φm)
(1− φ/φm)
+Ks
(φ/φm)
2
(1− φ/φm)2
, (5)
where φm = 0.52 is the maximum packing fraction (as found empirically above).
Ks = 0.1, Kn = 0.75, and λ2 = 0.8 are rheological fitting parameters with the
values taken from [42] without modification. Note that eq. (5) matches [50],
9
taking account of a typographical error in [42]. For a given value of the constant
A2, eq. (3) may be solved for φ(r); A2 is then fixed by specifying the average
SVF. Once the SVF profile is obtained in this way, the shear rate is then given
by
γ˙(r) =
C
r2ηs(φ)
, (6)
which is integrated to obtain the velocity profile. The wall velocities fix the
value of the constant C.
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Figure 4: Steady-state radial (a) velocity and (b) SVF profiles for a neutrally-buoyant sus-
pension of polyethylene microspheres in a Newtonian carrier fluid. The position of the inner
rotating wall at ri is shown by the solid vertical lines. The scaled velocities and SVF profiles
are independent of rotation rate between Ω = 10 to 40 rpm, and the data shown are an av-
erage over the different rotation rates. The legend indicates φ and applies to both plots; the
filled symbols correspond to the low field experiments and the open symbols correspond to
the high field experiments. Predictions from eq. (3) to (6) (solid curved lines) are shown for
comparison.
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The velocity profiles predicted by the model match the experiment fairly well,
except at higher SVF, see Fig. 4(a). Shortcomings of the suspension-balance
model are exposed when we consider the SVF profiles, see Fig. 4(b). The model
profile at φ = 0.5 shows reasonable agreement, predicting the maximum packing
fraction to be reached at a radius rc/ro ≈ 0.79, similar to rc/ro ≈ 0.65 found
experimentally. The model makes no prediction beyond this radius and in this
region, we have set φ = φm; alternate models exist that include compaction
in the jammed region, e.g., [45]. The experimentally-measured SVF profiles
for the lower values of φ do not agree with the model predictions, despite the
agreement observed in the velocity profiles. For φ = 0.35, the SVF is seen to
increase slightly towards ro, but not to the extent predicted by the model; for
φ = 0.2 the experimental SVF is relatively constant over the Couette gap.
The discrepancies in the observed and predicted SVF in Fig. 4(b) can be
explained by strongly non-Newtonian behavior of the suspension, whereas the
model for particle migration assumes locally Newtonian suspension rheology.
Fitting a power-law model τ = kγ˙m to the experimental velocity profiles, where
τ is shear stress and m the power index, we find m ≈ 0.86 for φ = 0.20, and
m ≈ 0.50 for φ = 0.35. It is clear that any model with a locally-Newtonian
rheology for the suspension cannot describe these results. In future work we
aim to use our low field Rheo-NMR technology to build improved models for
particle suspensions in Newtonian and non-Newtonian carrier fluids.
4. Conclusions
In this paper we introduced a low field NMR system capable of generating
quantitative velocity and concentration profiles in a wide-gap Couette geometry.
The instrument was validated against conventional high field Rheo-NMR mea-
surements of a Newtonian liquid and neutrally-buoyant non-colloidal spherical
particles in a Newtonian carrier fluid at steady state, at matched shear rates.
The two instruments provided consistent velocity profiles for the Newtonian liq-
uid, and consistent velocity and particle concentration profiles for the suspended
solids. Experimentally, the particulate system jammed at a SVF of φ ≈ 0.52,
and appeared to show strongly non-Newtonian behavior (at roughly constant
φ) for the lower volume fractions investigated. This behavior contrasted with
model predictions assuming a locally Newtonian system, calling for the design
of improved models. The high and low field results remained consistent always,
supporting the future use of a low field bench-top instrument for Rheo-NMR
studies.
The ability to readily generate robust and quantitative velocity profiles, and
hence shear rate profiles, in non-Newtonian liquids using a low field NMR plat-
form has significant advantages, primarily enabling the installation of such a
device in the industrial environment. This technology enhances the utility of
Rheo-NMR as a process and quality control tool. In future we plan to attach
a conventional torque sensor to our Couette cell to provide complementary in-
formation from both Rheo-NMR velocity (shear rate) profiles and shear stress
rheology.
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